CBS (cystathionine β-synthase) is a multidomain tetrameric enzyme essential in the regulation of homocysteine metabolism, whose activity is enhanced by the allosteric regulator SAM (S-adenosylmethionine). Missense mutations in CBS are the major cause of inherited HCU (homocystinuria). In the present study we apply a novel approach based on a combination of calorimetric methods, functional assays and kinetic modelling to provide structural and energetic insight into the effects of SAM on the stability and activity of WT (wild-type) CBS and seven HCU-causing mutants. We found two sets of SAM-binding sites in the C-terminal regulatory domain with different structural and energetic features: a high affinity set of two sites, probably involved in kinetic stabilization of the regulatory domain, and a low affinity set of four sites, which are involved in the enzyme activation. We show that the regulatory domain displays a low kinetic stability in WT CBS, which is further decreased in many HCU-causing mutants. We propose that the SAM-induced stabilization may play a key role in modulating steady-state levels of WT and mutant CBS in vivo. Our strategy may be valuable for understanding ligand effects on proteins with a complex architecture and their role in human genetic diseases and for the development of novel pharmacological strategies.
INTRODUCTION
Deficiency in CBS (cystathionine β-synthase; EC 4.2.1.22) activity is the most common cause of classical HCU (homocystinuria), an inherited human genetic disorder of sulfur amino acid metabolism biochemically characterized by very high levels of the toxic intermediate amino acid Hcy (L-homocysteine) [1] . CBS catalyses the β-replacement of the hydroxyl group of L-serine by the thiolate group of Hcy using PLP (pyridoxal-5 -phosphate) as a cofactor. More than 160 mutations in the CBS gene have been found in HCU patients, and ∼ 87 % of them are missense mutations (http://medschool.ucdenver.edu/krauslab) [2] . Missense mutations are known to cause either mRNA or protein instability, decreased catalytic activity, impaired cofactor binding, misfolding and perturbed allosteric regulation (reviewed in [3] ). CBS displays complex protein architecture, forming tetramers consisting of ∼ 63 kDa monomers. Each CBS polypeptide contains three structural and functional domains: (i) an N-terminal haem-binding domain (residues 1-70), whose function is still poorly understood and which may be important for modulation of CBS activity and/or for proper folding and assembly; (ii) a central catalytic core (residues 71-413) containing a PLP molecule forming a Schiff base with Lys 119 ; and (iii) a C-terminal regulatory domain (residues 414-551) containing a tandem of CBS domains, which most probably serve as a binding site for the CBS allosteric activator SAM (S-adenosylmethionine). The crystal structures of truncated forms of the human enzyme lacking the C-terminal regulatory domain are available [4, 5] , providing structural information about haem and PLP binding and a rationale to explain the deleterious effects of HCU-causing mutations, even though the molecular details of the loss-of-function are still poorly understood [4, 6] .
Activity of human CBS increases up to 5-fold upon the binding of SAM to the C-terminal region of CBS [7, 8] . Bateman [9] identified a new ∼ 60-residue long structural motif within this region, which was subsequently identified in many other proteins, and started to refer to it as a CBS domain. Despite their low sequence similarity, CBS domains share a highly conserved fold (β1-α1-β2-β3-α2). Detailed sequence analysis has lead to the identification of a second CBS domain in the CBS polypeptide [10] . Removal of the C-terminal region carrying tandem CBS domains leads to an up to 5-fold increase of CBS basal activity and is accompanied with the loss of SAM stimulation and a change in oligomeric status from tetramer to a dimer [11] . CBS is also activated upon heating the enzyme up to ∼ 55
• C or by the presence of missense mutations in the C-terminal region [8, 12, 13] . Scott et al. [14] showed that the CBS domains are responsible for binding to various adenosine nucleotides. Ligands bind to a cleft formed between two CBS domains with a stoichiometry of up to two ligands per cleft, i.e. per CBS domain pair. Additionally, binding sites were also found outside of this canonical cleft and the existence of non-canonical binding sites located on the surface of the CBS domains has been postulated [15] . Identification of several different states of the CBS domains as a function of the occupancy of binding sites by corresponding ligands provides evidence that ligand-induced conformational reorganization upon ligand binding could be the important mechanism explaining the allosteric regulation in CBS domain-containing proteins [16] . However, the structural information regarding SAM-mediated allosteric regulation of CBS activity is still lacking.
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In the present study, we have applied calorimetric methods to study SAM binding to full-length human WT (wild-type) CBS and seven HCU-causing CBS mutants, as well as to a truncated form lacking the regulatory domain (CBS 414-551). Previous characterization of highly purified CBS mutants showed that three of these mutants responded to SAM in a similar manner to the WT (P49L, P78R and A114V), two were not activated by SAM (R125Q and E176K) and two did not respond to SAM stimulation, but displayed increased basal activity compared with the WT (P422L and S466L [8] ). The results of the present study support the notion that the stability and activity of human CBS may be independently modulated in vivo by SAM concentrations.
EXPERIMENTAL Protein samples
CBS proteins were expressed and purified as described previously [8] . Prior to the experiments, CBS samples were buffer exchanged using PD-10 columns (GE Healthcare) at 4
• C into 20 mM Hepes, pH 7.4, unless otherwise indicated. Samples were concentrated to 20-60 μM in subunit, frozen in liquid nitrogen and stored at − 80
• C. Protein concentration was measured by UV absorption using a ε 280 of 1.038×10 5 M − 1 ·cm − 1 and 9×10 4 M − 1 ·cm − 1 for the full-length CBS and CBS 414-551 subunits respectively. These molar absorbance coefficients were determined by using the UV absorption of CBS samples and quantifying protein concentration by total amino acid content upon acid hydrolysis, ninhydrin derivatization and amino acid separation by ionexchange HPLC.
CBS activity measurements
The CBS activity in the classical reaction was determined by a previously described radioisotope assay using L-[U- 14 C]serine as the labelled substrate [17] . CBS enzyme (420 ng) was assayed in a 100 μl reaction mixture for 30 min at 37
• C. The reaction mixture contained 100 mM Tris, pH 8.6, 0.2 mM PLP, 10 mM L-serine, 0.3 μCi L-[U- 14 C]serine and 0.5 mg/ml BSA. The reaction was initiated by the addition of Hcy to a final concentration of 10 mM following a 5 min incubation at 37
• C. One unit of CBS specific activity was defined as the amount of CBS that catalyses the formation of 1 μmol of cystathionine in 1 h at 37
• C under standard assay conditions. In order to study the time dependence of CBS activity, we diluted the enzyme to a final concentration of 100 μg/ml in 20 mM Hepes, pH 7.4. The enzyme solutions were transferred into 200 μl thin-walled PCR tubes and incubated at 37
• C in a Mastercycler gradient PCR thermal cycler (Eppendorf) for 72 h. Aliquots were collected at designated time points and specific activity was immediately determined by a standard radiometric assay as described above in the absence and presence of 300 μM SAM.
ITC (isothermal titration calorimetry)
The ITC measurements were carried out using a MicroCal ITC 200 microcalorimeter (GE Healthcare) with an operating cell volume of 205.9 μl. The experiments were routinely performed using 20 mM Hepes, pH 7.4, for both protein and ligand solutions in a temperature range of • C. Ligand solutions were freshly prepared daily and routinely checked by performing control titrations of WT CBS at different times within a same day to rule out SAM degradation. CBS proteins (3-5 μM in protein tetramer in the cell) were titrated using 250-350 μM SAM. Each titration was initiated by a 0.3-0.5 μl injection followed by 30 -50 injections of 0.75-1.2 μl (spaced 150 s). Longer spacing (900 s) between injections has no noticeable effect on the experimental results. Heats of dilution were determined experimentally from the last 3-4 injections at saturating ligand-to-protein ratios and from blank titrations, providing nearly identical (and almost negligible) values. The association constants (K a ), binding enthalpy changes ( H) and the binding stoichiometries (N) were obtained by non-linear regression analysis using one-or two-independenttype-of-sites binding models provided by the manufacturer in the Origin 7.0 software. The dissociation constant (K d ), entropy ( S) and heat capacity ( C p ) changes were obtained from basic thermodynamic relationships.
Structure energetic calculations were performed using previously described correlations for protein-ligand interactions [18] and protein unfolding energetics [19] . Briefly, binding H and C p values were parameterized on the basis of the amount of polar ( ASA polar ) and apolar ( ASA apolar ) accessible surface buried upon binding using the following relationships:
Combining these two relationships, we obtained the following expressions for ASA polar and ASA apolar :
H (25 • C) and C p are expressed in J·mol − 1 and J·mol − 1 ·K − 1 respectively and ASA polar and ASA apolar are expressed in Å 2 (1 Å = 0.1 nm).
Thermal denaturation experiments
The DSC (differential scanning calorimetry) experiments were carried out in a capillary VP-DSC microcalorimeter (GE Healthcare) with a cell volume of 135 μl. Experiments were performed in a 4 -110 • C range at a 2-4 • C/min scan rate. Protein samples contained 5 μM of CBS protein (in subunit) in 20 mM Hepes, pH 7.4, in the presence of 50 μM PLP, unless otherwise indicated. In some experiments, SAM was added to attain a 25-400 μM concentration. The reversibility of thermal transitions was checked by performing reheating runs after the transitions were completed.
Models for CBS thermal denaturation and SAM-induced stabilization
The unfolding transitions were analysed using a phenomenological two-state irreversible model with first order kinetics [20] following Scheme 1:
where N stands for the native conformation, F for the final state and k is the first-order rate constant. The expression used to fit the experimental DSC traces (apparent molar heat capacities, C p(app) , compared with temperature) takes into account the experimental c The Authors Journal compilation c 2013 Biochemical Society chemical baseline [21] as follows:
where X N is the mole fraction of native state, H is the denaturation enthalpy and C p(pre) and C p(post) are the pre-and posttransition baselines, which are considered to be a linear function of temperature. The two first terms on the right-hand side of eqn (1) represent the chemical baseline (a sigmoidal-like line that smoothly connects the pre-and post-transition heat capacity levels), whereas the last term describes the unfolding transition. Eqn (1) implicitly assumes that only two states (N and F) are significantly populated. Expressions for X N and dX N /dT for the cases relevant in the present study are given by:
where E a stands for the activation energy and T m for the temperature of the maximum of the transition. The first-order rate constants were obtained from the experimental scans using the following equation:
where k is calculated using the excess heat capacity and the excess enthalpy at each temperature [C p(exc) and <H>], and τ and H stand for the scan rate and the calorimetric enthalpy respectively. The temperature dependence of the rate constants follows the Arrhenius equation:
The effect of SAM on the kinetic stability of the regulatory domain has been studied using the following phenomenological model:
where NL 6 stands for the CBS tetramer fully saturated with six SAM molecules that undergoes irreversible denaturation yielding a final state F with an apparent first-order rate constant that is experimentally found to be dependent on the total ligand concentration. A detailed description of the models corresponding to Schemes 1 and 2, as well as the kinetic mechanism proposed for Scheme 2, can be found in the Supplementary Online data (at http://www.BiochemJ.org/bj/449/bj4490109add.htm).
RESULTS

SAM binds to two different types of sites at the C-terminal domain of CBS protein
First, we have studied the interaction between SAM and CBS proteins by ITC. Representative titrations are shown in Figure 1(A) . SAM binds to all full-length CBS variants, but not to the truncated form CBS 414-551, indicating that SAMbinding sites exist only in the C-terminal regulatory domain of the full-length CBS protein, each monomer containing a tandem of CBS domains ( Figures 1B-1D Figure 1B , dotted lines), suggesting binding stoichiometries of ∼ 2 and ∼ 4 respectively. The presence of two different types of sites is also inferred from a plot of the total heat evolved in the binding reaction against SAM/CBS ratios (Supplementary Figure  S2 at http://www.BiochemJ.org/bj/449/bj4490109add.htm), with a total binding stoichiometry of ∼ 6 moles of SAM per CBS tetramer (at a 6.4:1 SAM/CBS ratio, ∼ 94 % of the total binding heat has been developed).
A two independent types of sites model provides a much better fit for the binding isotherms ( Figures 1B-1D and Supplementary  Figures S1 and S2) . A high-affinity type of sites (K d ∼ 10 nM) binds approximately 2 moles of the SAM-CBS tetramer, whereas a lower affinity type of sites (K d ∼ 400 nM) binds approximately 4 moles of the SAM-CBS tetramer (Table 1 ). This behaviour is systematically observed in over ten independent experiments performed using WT CBS, with different injection protocols and different protein and ligand preparations. Binding site heterogeneity for adenosine derivatives has been previously described for other CBS-domain-containing proteins on the basis of crystallographic evidence [15, 22] .
Previous non-calorimetric studies in WT CBS have found a lower total SAM-binding capacity (4 moles/mole of tetramer) and also a lower affinity for SAM binding (K d values of 7.4-13.5 μM [12, 23, 24] ). These differences could be due to methodological differences, such as the higher capability of ITC to detect small deviations from the simplest models, as well as by different experimental conditions such as the higher ionic strength and pH used in these previous studies, different temperature, incubation times and protein preparations. In fact, the SAM concentration required for half-activation of WT CBS is found to be ∼ 15-fold lower in 20 mM Hepes, pH 7.4, than in 100 mM Tris, pH 8.6 (3.2 + − 0.2 μM compared with 44 + − 2 μM; Figure 2A ), confirming that SAM-binding affinity is much higher at physiological pH values.
The two sets of SAM-binding sites found in WT CBS display very different thermodynamic properties (see Table 1 ). SAM binding to the high-affinity sites is enthalpically driven and slightly entropically penalized at 25
• C. On the other hand, binding to the low-affinity sites proceeds through both favourable enthalpic and entropic contributions at 25
• C. These different enthalpy/entropy contributions to binding suggest a structural divergence between the two types of sites. We have also tested whether proton exchange may be coupled to ligand binding by performing experiments in 20 mM sodium phosphate, pH 7.4 (a buffer with a much lower ionization enthalpy than Hepes [25] ). These experiments revealed nearly identical binding enthalpies and affinities for both types of sites than those found in Hepes, indicating that proton exchange does not occur 
High-affinity sites
Low-affinity sites http://www.BiochemJ.org/bj/449/bj4490109add.htm). Enthalpyentropy compensation is observed at different temperatures for both types of sites, leading to a very small temperature dependence of binding free energies. Titrations of the HCU-causing CBS variants with SAM revealed a similar binding pattern, with only small differences in binding affinities and enthalpy/entropy contributions ( Figures 1C and 1D and Table 1 ). We also observed that binding stoichiometry of the high-affinity sites for the SAMunresponsive variants seems to be somewhat lower (average of • C and a H 40 kJ·mol − 1 . This transition may reflect the denaturation of the haem-containing N-terminal domain and is probably masked in the DSC profiles of the full-length CBS enzymes. As we describe below, the addition of SAM increases the T m value for the low-T transition in a concentration-dependent manner, indicating ligand-mediated stabilization of the regulatory domain. The small transition observed for CBS 414-551 denaturation is also detected in DSC profiles of WT CBS incubated with high SAM concentrations (>100 μM), where the regulatory domain is largely stabilized. It is difficult to characterize this marginal transition owing to its low H and the overlap observed with the two main transitions.
The two main transitions observed in WT CBS thermal denaturation are irreversible and scan rate dependent (Figures 4A and 4B), indicating that both denaturation processes are kinetically controlled [20] . Moreover, DSC thermal transitions can be satisfactorily modelled as two independent twostate irreversible denaturation processes (Figure 3) . In this phenomenological model, the irreversible and independent denaturation of the two domains is considered, each transition showing only two significantly populated states (the native and the final state F, which cannot fold back). Each denaturation process is thus characterized by a first order rate constant k (first order kinetics is supported by the lack of protein concentration dependence on T m values) that is strongly temperature-dependent (its temperature dependence follows the Arrhenius equation, eqn 5). For WT CBS, as well as for the CBS mutants studied, the good agreement between the activation energies (E a values; Supplementary Table S1 at http://www.BiochemJ.org/bj/449/ bj4490109add.htm) obtained from these fittings and those obtained from Arrhenius plots and from the scan-rate dependences of T m values (Figures 4C and 4D and Table 2 ) support the applicability of such a model to describe the thermal denaturation of CBS proteins.
HCU-causing mutations mainly decrease the kinetic stability of the regulatory domain
We have performed comparative DSC analyses for the thermal denaturation of WT CBS, three SAM-responsive mutants (P49L, P78R and A114V), two SAM-unresponsive mutants mutated in the catalytic core (R125Q and E176K) and two SAMunresponsive mutants with mutations in the regulatory domain (P422L and S466L) ( Figure 5 ). Two unfolding transitions were detected for all the studied CBS mutants, and the parameters obtained from the corresponding analyses on the basis of two independent two-state irreversible denaturation processes are compiled in Table 2 . Some relevant differences were observed for these mutants compared with WT CBS. In terms of T m values, the most noticeable changes (beyond a T m ∼ + − 1
• C) were: P78R with T m of ∼ − 3.6
• C for the catalytic domain, P422L with a T m ∼ − 6.8
• C for the regulatory domain and A114V with T m ∼ + 2.5
• C for the catalytic domain. As shown in Table 2 , several mutants showed lower denaturation ΔH values than WT CBS: the P49L, A114V, R125Q and E176K mutants for the regulatory domain, and the P49L, P78R, R125Q and E176K mutants for the catalytic domain. Since H values mostly reflect the difference in solvent-accessible surface area between the native and irreversibly denatured states, and no noticeable differences in the native structure among CBS mutants have been found (Supplementary Figure S4 at http://www.BiochemJ.org/bj/449/bj4490109add.htm and [26] ), these differences in H values may be reasonably explained by a different residual tertiary structure in the irreversibly denatured states. The A114V, R125Q, E176K, S466L and, notably, the P422L mutant, also reduce the E a values for denaturation of the regulatory domains. Activation energies must be considered as the enthalpic differences between the native and denaturation transition states (which probably contain contributions from differences in solvent-accessible surface areas as well as from regions with water-unsatisfied partially broken internal contacts in the denaturation transition state; see [21, 27] ). Again, since all mutants display very similar overall native structures, a plausible explanation for the changes observed in the E a values may involve some differences in the structural/energetic balance for the denaturation transition state in these mutants (actually, we have previously described such a structural plasticity in the denaturation transition states of other protein systems in the presence of point mutations [21] ).
Our DSC analyses permitted the study of the denaturation of catalytic and regulatory domains as kinetic processes by building up Arrhenius plots ( Figure 4C ). These plots are useful to extrapolate kinetic data to lower temperatures and to predict the half-lives for irreversible denaturation at 37
• C (Table 3 ). The validity of these extrapolations has been confirmed for WT CBS regulatory domains by comparing its half-life from extrapolation of calorimetric data ( Figure 4C ) and from activity measurements performed after isothermal incubation of the enzyme at 37
• C ( Figure 2B ). We observed a time-dependent and irreversible increase in CBS activity, probably due to denaturation of the regulatory domain with a t 1/2 of 27 h, in excellent agreement with extrapolations from Arrhenius plots (t 1/2 = 30 h), thus supporting that the regulatory domain denaturation causes WT CBS activation at 37
• C. Importantly, the stability of the regulatory domain is decreased among the HCU-causing mutants compared with WT CBS. The P49L, P78R and R125Q mutants showed a small reduction in half-life (∼ 1.5-3-fold compared with WT CBS), whereas the A114V, E176K and S466L mutants showed larger destabilizing effects (∼ 6-10-fold). The most remarkable decrease was observed for P422L CBS (∼ 200-fold), which displays a highly unstable regulatory domain at physiological temperature, denaturing at a high rate even at temperatures below 37
• C. Interestingly, mutations found in the catalytic domain (P78R, A114V, R125Q and E176K) were able to affect the stability of the regulatory domain, suggesting some degree of communication between the regulatory and the catalytic domains. None of the CBS mutants studied showed any significant decrease in kinetic stability of the catalytic domain (Table 3 ). Actually, some of the mutants seem to display somewhat higher kinetic stability of the catalytic core compared with that of the WT protein (in most of the cases ∼ 2-3-fold), mainly due to slightly higher E a values. However, the latter estimates require relatively long extrapolations in the Arrhenius plots, and therefore we must be cautious in assigning significance to the differences in kinetic stability predicted for the catalytic domains among these CBS mutants.
SAM binding kinetically stabilizes CBS regulatory domains towards thermal denaturation
Furthermore, we studied the potential effects of SAM binding on CBS stability by DSC. In principle, any ligand bound to the native state that is not bound to the transition state of the denaturation rate-limiting step should shift T m values to higher temperatures in a concentration-dependent manner [28] .
Representative thermograms for WT CBS in the presence of SAM are shown in Figure 6 (A). SAM increases the T m value for the regulatory domain in a concentration-dependent manner with no effect on the catalytic domain, indicating specific stabilization of the regulatory domain. All CBS mutants display similar SAM concentration-dependent T m up-shifts ( T m in Figure 6B ), with only a smaller dependence for the S466L mutant. SAM-induced stabilization of the regulatory domains of WT CBS is confirmed by activity measurements upon incubation of the enzyme at 37 • C, showing no changes in CBS activity within 3 days of incubation in the presence of SAM ( Figure 2B) .
A quantitative description of the effects of SAM on the kinetic stability of regulatory domains can be obtained from a detailed analysis of the ligand-binding effects on T m values [28] . A plot of 1/T m against ln[SAM] ( Figure 6C ) provides information about the number of SAM moles released prior to the denaturation rate-limiting step transition-state, ν (eqn S7 in the Supplementary Online Data). The slope of this plot is equal to ( − E a /ν·R) and renders values of ν of between 0.9 and 2.1 for the eight full-length CBS variants (Supplementary Table S2 at http://www.BiochemJ.org/bj/449/bj4490109add.htm), with an average value of 1.4 + − 0.3, indicating that 1-2 moles of SAM (out of 6) are released from regulatory domains in the CBS tetramer prior to the denaturation rate-limiting step transition state. These results allow us to propose a kinetic mechanism (Scheme S3 in the Supplementary Online data), which assumes a tetrameric CBS saturated with SAM as displaying kinetically stable regulatory domains (NL 6 ) and, therefore, it does not undergo significant denaturation at a given temperature, whereas CBS states with lower number of sites occupied are less kinetically stabilized by SAM. At a certain point, those states with 6 − ν bound SAM molecules (NL 6 − ν ) become sensitive to denaturation. Since the rate constants for regulatory domain denaturation in the absence (k) and presence (k app ) of various concentrations of SAM are experimentally available, the proposed kinetic mechanism is applied to obtain values for ν as well as estimations of the affinities of the sites involved in kinetic stabilization of regulatory domains (see the Supplementary Online data for further details). These analyses performed at 62
• C (a temperature half-way between the T m values in the absence or presence of high SAM concentrations) provide an average value for the CBS variants of ν of 2.4 + − 0.6 moles of SAM/mole of tetrameric CBS (slopes in Figure 6D ), in good agreement with the estimation from Figure 6 (C) (1.4 + − 0.3). These two independent estimations of ν suggest that ∼ 2 moles of SAM must be released from the regulatory domains in a CBS tetramer to render a kinetically unstable domain. Moreover, the fits in Figure 6 (D) also allow us to estimate ln(K). Since ν≈2, K is the dissociation constant for the equilibrium NL 6 ↔NL 4 + 2L, whose square root represents an average of the dissociation constants for binding sites involved in kinetic stabilization of regulatory domains. Using this approach, an average K d value of 7 μM is obtained at 62
• C for the different variants, and extrapolation to 25
• C yields K d values equal to or lower than 20 nM in all cases, except for the P422L mutant (Supplementary Figure S5 and Supplementary Table S2 at http://www.BiochemJ.org/bj/449/bj4490109add.htm), in good agreement with the affinity found by ITC for the high-affinity site (average K d value of 25 nM for all variants; Table 1 ). Despite the uncertainties associated with these extrapolations, our analyses support that SAM binding to the high-affinity sites is involved in kinetic stabilization of the regulatory domains.
It would be expected that the binding of SAM to the highaffinity sites provides larger kinetic stabilization than to those sites of low affinity, which agrees with the DSC analyses presented above. However, it may seem counterintuitive at first sight that those ligation species (CBS tetramers with different amounts of SAM bound to the two types of sites) sensitive to denaturation in the presence of SAM are formed upon 'release' of the ligand from the high-affinity sites. We present in Figure 7 additional calculations strongly supporting that no contradiction exists between our equilibrium binding and kinetic stability analyses, because kinetically sensitive ligation states already exist in the ligand-binding equilibria, even though their population is low. We show the SAM concentration dependence of the mole fraction for the 15 different ligation species (designated as [m,n], where m and n are the SAM molecules bound to the high-and low-affinity sites of the CBS tetramer respectively) available in the binding equilibria determined by a partition function formalism (eqns S9-S11 in the Supplementary Online data). These calculations are performed using the binding affinities determined experimentally for each type of site of WT CBS at 25
• C. As SAM concentration is raised, those species containing SAM bound to at least one highaffinity site are stepwise populated, whereas the CBS tetramer with no SAM bound is depleted, as expected for the different affinities of the two sets of sites ( Figure 7A ). The remaining nine ligation species are also progressively populated, but at lower mole fractions (χ), showing maximal χ values ranging from ∼ 10 − 1 to ∼ 10 − 4 ( Figure 7B ). Therefore those states with SAM bound only to the low-affinity sites are populated at very low (but not negligible) levels ( Figure 7C ). By simply assuming that only the high-affinity sites contribute to SAM-mediated kinetic stabilization of the regulatory domains, the rate of irreversible denaturation is thus determined by the fraction of kinetically relevant/sensitive states (these five ligation states lacking SAM bound to the high affinity sites; Figure 7C ), but not by the most populated states. Inevitably, the most populated kinetically relevant state at [SAM] 25 μM is NL 4 (the [0,4] state in the notation of Figure 7C ), which fully agrees with the results from our DSC analyses indicating that the concentration of this NL 4 state determines the rate of irreversible denaturation of CBS under the conditions of the DSC experiments in the presence of SAM.
DISCUSSION
In the present paper, we describe a novel approach aimed at dissecting ligand effects on multiple properties (stability, activity and regulation) in complex protein systems, and we apply it to investigate SAM binding to human CBS. Our ITC analyses revealed the presence of two sets of SAM-binding sites located in the C-terminal regulatory domain of human CBS. These sites display K d values of ∼ 10 nM and ∼ 400 nM and stoichiometries of ∼ 2 and ∼ 4 moles of SAM-CBS tetramer respectively. The SAM concentration found to half-activate WT CBS (3.2 + − 0.2μM) suggests that binding to the low-affinity sites leads to enzyme activation. The difference in the affinity observed between binding and activation assays may be explained by the presence of the substrates L-serine and Hcy in the activation assays, which may modify the binding affinity for SAM by heterotropic effects under turnover conditions [30, 31] . Interestingly, ligand binding to SAM-unresponsive CBS mutants is not notably affected, which also indicates that the lack of response in the R125Q, E176K, P422L and S466L mutants cannot be explained by defective SAM binding, and suggests that the transmission of the allosteric signal upon SAM binding is somehow affected in these mutants. Previous work proposed that SAM binding to WT CBS would trigger the displacement of the autoinhibitory sequence leading to CBS activation [10, 23, 29] . However, no significant conformational rearrangements were detected upon SAM binding or due to missense mutations in the SAM-unresponsive mutants (R125Q, E176K, P422L and S466L) using multiple spectroscopic probes (Supplementary Figures S4 and S6 at http://www.BiochemJ.org/bj/449/bj4490109add.htm and [26] ). Results from in vitro native state proteolysis suggests that SAM binding may affect protein dynamics rather than the overall structure, whereas SAM-unresponsive variants may exhibit some dynamic properties of the activated state even in the absence of ligand ( [26] ). The present study nicely complements our previous studies on a similar set of CBS mutants [8, 26] . In the present study we found that the stability of the regulatory domain was reduced to some extent in all studied HCU-causing mutants compared with WT CBS. The highly unstable state of the regulatory domain was identified in the P422L mutant, which correlates well with its odd behavior reported previously [8] . The P422L mutant, a C-terminal mutant, was not activated upon addition of SAM to the enzyme assay; however, thermal pre-treatment at 53
• C, mimicking the SAM-mediated activation, yielded a highly active enzyme.
Binding of SAM to the CBS protein does not seem to cause a detectable conformational change in the CBS protein (Supplementary Figure S6 and [26] ), in contrast with nucleotide binding to other CBS-domain-containing proteins [16] . Binding thermodynamic parameters reported in the present study, such as H and C p , are correlated to certain structural properties of the protein-ligand complex, such as the changes in accessible surface areas ( ASA) and structural rearrangements occurring upon ligand binding (the so-called 'structure-energetics relationships'). In principle, experimental binding H values can be dissected as the sum of at least three different terms [18] : protonation/deprotonation events coupled to binding ( H protonation ), intrinsic protein-ligand interactions ( H intrinsic ) and conformational changes triggered upon ligand binding ( H conformational ). H protonation can be neglected in the case of the present study, since experiments performed in phosphate buffer instead of in Hepes buffer showed nearly identical binding enthalpies. Therefore our experimental H values should reflect H intrinsic plus H conformational , which unfortunately cannot be separated unless high-resolution structures for these proteinligand complexes are available, in order to determine H conformational [18] . A similar situation applies for the binding C p values, which should reflect contributions from both changes in solvation and conformational changes for CBS-SAM complexes (as we have described previously for the interaction between phenylalanine hydroxylase and pterin cofactors [30] ). By using the experimental H and C p values for SAM binding and structure-energetic parametrizations (see the Experimental section), ASA polar and ASA apolar of ∼ 600 Å 2 and ∼ 880 Å 2 respectively are calculated for the high-affinity sites, whereas ASA polar and ASA apolar of ∼ 280 Å 2 and ∼ 410 Å 2 respectively were estimated for the low-affinity sites. These calculations support that the different thermodynamic binding properties of these two sets of sites show a significant structural divergence between them. Structurally different binding sites for SAM and other nucleotides have been also reported for the CBS domain pair of MJ0100 and MJ1225 proteins from Methanocaldococcus jannaschii [15, 22] . An interesting possibility is that these two structurally divergent types of sites may indicate the presence of canonical and noncanonical sites in the full-length CBS protein. Our results in the present study also support that the different sets of sites may display different functions (CBS activation compared with kinetic stabilization of regulatory domains).
Thermal denaturation of human CBS involves the independent and irreversible denaturation of the regulatory and catalytic domains. The regulatory domains have a relatively low kinetic stability (t 1/2 ∼ 1 day for the WT enzyme at 37
• C) as predicted from Arrhenius plots and experimentally confirmed by the timedependent activation of WT CBS after isothermal incubation at 37
• C, whereas the stability of the catalytic domain is much higher (t 1/2 ∼ 3 weeks at 37
• C). Thermal denaturation of regulatory domains also explains the irreversible up to 5-fold activation of human CBS after thermal pre-treatment at ∼ 53
• C prior to the CBS assay [8, 12] . In this scenario, protein (or domain) kinetic stability (as a denaturation rate at a given temperature) is determined by the activation free energy difference between the native and the unfolding transition state [33] , and similarly, SAM (or any other ligand)-induced stabilization may be interpreted in terms of changes in the activation free energies. Actually, mechanistic studies on SAM-induced stabilization show that only ∼ 2 moles (out of 6) of SAM are released prior to the transition state of the denaturation rate-limiting step, and therefore contribute to the kinetic stabilization of the regulatory domains. The stoichiometry of these sites, as well as the binding affinity estimated from the kinetic mechanism proposed ( Figure 6D and Supplementary Table S2 ), correspond to the high-affinity sites found by ITC, supporting that SAM binding to these sites is responsible for kinetic stabilization of regulatory domains.
Our results suggest a scenario in which the complex binding of SAM to WT CBS may independently modulate CBS activity and kinetic stability of regulatory domains depending on SAM concentration range or degree of binding (Y, average number of SAM molecules bound per tetramer). This scenario is illustrated with a few representative cases in Figure 8 . In the absence (or at extremely low concentrations) of SAM, WT CBS displays low activity and low (kinetic) stability of the regulatory domains, causing irreversible activation of CBS in a time scale of ∼ 1 day and losing further regulation by SAM. Two different sets of SAM-binding sites exist at their C-terminal regulatory domains: a high-affinity set (binding two SAM molecules per tetramer), responsible for kinetic stabilization of this domain; and a lower affinity set (binding one molecule of SAM per regulatory domain), responsible for CBS activation. At a low degree of binding (Y≈1), most (but not all) of CBS tetramers in the ensemble bind SAM at one of the high-affinity sites, behaving on average as a low activity and moderate stability state (note that those states in the ensemble with no SAM bound to the high-affinity sites are kinetically unstable, and eventually will deplete the native state even though this would be at substantially lower rates than in the absence of SAM). Increasing the degree of binding to Y≈3 causes a remarkable kinetic stabilization of CBS and moderately increases CBS activity (on average, ∼ 1 out of 4 catalytic domains would be activated). Higher degrees of binding (Y≈5) cause little or no further kinetic stabilization of regulatory domains but a substantial increase in CBS activity (∼ 3 out of 4 catalytic domains would be activated). Following the logic of this scenario, it is tempting to suggest that it may be possible to find pharmacological ligands that bind to the high-affinity sites with a higher affinity than SAM, and therefore provide higher kinetic stabilization, without interfering with SAM regulatory properties (mediated by the low-affinity sites).
Is there a link between SAM-induced stabilization of the regulatory domains and CBS intracellular protein turnover? Intracellular levels of CBS are determined by SAM availability, leading to a 10-fold decrease in CBS protein levels under methionine restriction (i.e. intracellular low SAM concentrations [34] ). SAM seems to act on WT CBS intracellular turnover by a simple ligand-binding induced stabilization of the CBS tetramer [34] . Under methionine restriction, WT CBS displays a t 1/2 of ∼ 18 h in pulse-chase experiments, a value close to the half-life observed for in vitro irreversible denaturation of WT CBS regulatory domains determined by our analyses (t 1/2 ≈1 day), whereas the catalytic domains are far more stable in vitro. Due to this low kinetic stability of CBS regulatory domains in the absence of SAM, it is plausible that WT CBS activity is increased for a limited period of time under methionine restriction, but, in turn, such activated CBS state may be recognized by the cellular protein quality control machinery and degraded in vivo. Methionine supplementation (which raises intracellular SAM concentration) increases intracellular WT CBS half-life by 2.7-fold [34] , which is also consistent with the kinetic stabilization of the regulatory domains induced by SAM observed in vitro. On the basis of all these similarities, it is tempting to speculate that the full-length CBS turnover in cells may be linked to the stability of their regulatory domains, and therefore SAM might reduce CBS turnover by kinetically stabilizing the regulatory domains. Similarly, we have previously shown that the stabilization of the regulatory domain of human phenylalanine hydroxylase upon binding of its natural cofactor, tetrahydrobiopterin, probably contributes to tetrahydrobiopterinresponsive phenylketonuria, overcoming folding/stability defects and reducing mutant protein turnover [35] . Since some HCUcausing mutants display lower stability in their regulatory domains than WT CBS in vitro (notably P422L), future experiments will test whether these variants show increased intracellular protein turnover in cell cultures, and also the potential modulation of their stability by SAM levels.
Overall, our results from the present study suggest that SAM binding allows the independent modulation of CBS activity and kinetic stability by the presence of two different sets of SAMbinding sites at their C-terminal regulatory domains: a highaffinity set (binding two SAM molecules per tetramer) responsible for kinetic stabilization of the domain, and a low-affinity set (binding four SAM molecules per tetramer) responsible for CBS activation. SAM-induced kinetic stabilization may be particularly relevant for those CBS mutants with kinetically destabilized regulatory domains. In this scenario, it might be possible to find ligands specific for the high-affinity sites, providing kinetic stabilization without interfering with SAM mediated regulation of CBS activity. We also propose a link between the regulatory domain stability and kinetic stabilization upon SAM binding to the high-affinity sites and the intracellular protein turnover of CBS protein. We believe that our results could outline a new direction towards a development of innovative pharmacological treatment for CBS-deficient homocystinuric patients. Moreover, the approach of the present study may be valuable for dissecting ligand effects on other complex protein systems and may thus result in an understanding of the interplay between various protein features such as stability, activity and regulation.
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EXPERIMENTAL
Spectroscopic analyses
All the spectroscopic analyses were performed in 20 mM Hepes, pH 7.4, at 25
• C. In all cases, the appropriate blanks were recorded and subtracted. Absorption spectra were carried out on an Agilent 8453 UV-visible spectrophotometer, using 5-10 μM CBS protein (in subunit) in 1 cm path-length cuvettes. CD measurements were performed in a Jasco J-710 spectropolarimeter using 1-mm (Far-UV) or 5-mm (Near-UV/visible) path-length cuvettes, using 5-10 μM CBS protein (in subunit). In some cases, 25 μM SAM and/or 50 μM PLP were added. Spectra were acquired at a 50 nm/min scan rate and 4-8 scans were registered and averaged. Fluorescence spectra were recorded in a Perkin Elmer LS50 spectrofluorimeter using 1 μM CBS in protein subunit and, in some cases, 100 μM SAM. Fluorescence spectra were acquired using a 3-mm path length cuvettes at a λ ex = 280 nm, averaged over four scans and recorded at a 200 nm/min scan rate using 5 nm excitation/emission slits.
Modelling the kinetic stability of CBS regulatory domains in the absence and presence of SAM
The thermal unfolding of the regulatory domains in the absence of ligand is phenomenologically described on the basis of a two-state irreversible model with first-order kinetics [1] , as follows:
where N stands for the native conformation, F for the final state and k is the first-order rate constant. The corresponding rate law is expressed as follows:
In the presence of a saturating concentration of ligand L (SAM), denaturation of regulatory domains is modelled using the corresponding two-state irreversible model following Scheme 2:
where NL 6 stands for the CBS tetramer fully saturated with six SAM bound molecules and k app is the denaturation rate constant in the presence of ligand. The rate law for Scheme 2 is:
Since k app is experimentally found to be dependent on total ligand concentration, a certain number of ligand molecules (ν) must be released prior to the transition state of the denaturation rate-limiting step, as proposed by the following kinetic mechanism:
where NL 6 − ν is a CBS tetramer with 6-ν bound SAM molecules that is sensitive to irreversible denaturation yielding a final state F, νL is the number of SAM molecules released prior to the denaturation rate-limiting step, K is the ligand binding equilibrium constant and k is the first-order rate constant for the conversion of NL 6 − ν into F. Note that if NL 6 − ν is assumed to not be significantly populated (and therefore, [NL 6 ] [NL 6 − ν ]), the kinetic mechanism shown in Scheme 3 and the model described in Scheme 2 become phenomenologically undistinguishable. The corresponding rate law for Scheme 3 is expressed as follows:
Now, we assume that the ligand dissociation equilibrium between NL 6 and NL 6 − ν is established, and characterized by the dissociation constant K:
then [NL 6 − ν ] can be substituted into eqn (S3) to obtain:
By comparing eqns (S2) and (S5), we obtain:
We therefore obtained two independent ways to determine the value of ν. First, ν can be estimated from the SAM-dependent concentration of T m values for the regulatory domain based on a modification of Equation 35 in [2] : 
These calculations were carried out for 13 free ligand concentrations in the range 0.1 nM-10 μM. The total ligand concentration was determined by summing the free ligand concentration and the ligand bound (considering the fraction of ligation states with ligand bound and the molecules of ligand bound to each ligation state at a total concentration of CBS equal to 5 μM in protein tetramer). ν Values refer to the number of SAM molecules released prior to the denaturation rate-limiting step transition state, whereas ln(K ) provides an estimation of the dissociation constants of these binding sites. Figure 6D of the main text. †Extrapolated from Figure S5 .
